Bas1p, a divergent yeast member of the Myb family of transcription factors, shares with the proteins of this family a highly conserved cysteine residue proposed to play a role in redox regulation. Substitutions of this residue in Bas1p (C153) allowed us to establish that, despite its very high conservation, it is not strictly required for Bas1p function: its substitution with a small hydrophobic residue led to a fully functional protein in vitro and in vivo. C153 was accessible to an alkylating agent in the free protein but was protected by prior exposure to DNA. The reactivity of cysteines in the first and third repeats was much lower than in the second repeat, suggesting a more accessible conformation of repeat 2. Proteolysis protection, fluorescence quenching and circular dichroism experiments further indicated that DNA binding induces structural changes making Bas1p less accessible to modifying agents. Altogether, our results strongly suggest that the second repeat of the DNA-binding domain of Bas1p behaves similarly to its Myb counterpart, i.e. a DNA-induced conformational change in the second repeat leads to formation of a full helix-turn-helix-related motif with the cysteine packed in the hydrophobic core of the repeat.
INTRODUCTION
The Myb transcription factor family contains numerous members from a wide spectrum of eukaryotic organisms as phylogenetically distant as yeast and human. All the members of the family are characterised by a conserved DNA-binding region located in the N-terminal part of the protein (1, 2) . This domain is composed of two or three imperfect tandem repeats containing highly conserved tryptophan residues. These repeats are predicted to form helix-turn-helix-related structures which are critical for DNA binding (3) (4) (5) . Indeed, several mutations in these repeats have been obtained, in particular replacement of tryptophans (6, 7) and of residues in the third 'recognition helix' in each repeat, and shown to affect DNA binding in vitro (3, 4) . A study of the yeast Saccharomyces cerevisiae transcription factor Bas1p has revealed that mutations in the tryptophan residues strongly impair function of the protein both in vitro and in vivo (8) . An interesting exception to this rule is the CDC5 subfamily, which contains the Cef1p protein from S.cerevisiae (9) . Proteins from this subfamily are involved in pre-mRNA splicing and there is no clear evidence yet that they can act as transcription factors (10) . Single mutations of the tryptophan residues in the first or second repeat of Cef1p did not affect function of the protein in vivo, while a combination of three or more of these mutations resulted in loss of function. Therefore, the conserved repeats are required for Cef1p function, but somewhat less stringently than in other Myb-like proteins which are known to bind DNA.
Besides the highly conserved tryptophan residues, it has been found that the Myb proteins carry in their second repeat a critical cysteine residue that is as conserved as the tryptophan residues ( Fig. 1) . Reduction of this residue is essential for c-Myb DNA binding in vitro (21) (22) (23) and it has been proposed to act as a molecular sensor making Myb function sensitive to redox conditions. A serine replacement of this cysteine in v-Myb neither transactivated transcription in vivo nor transformed myeloid cells, probably due to a defect in DNA binding (22) . In contrast, its replacement by a hydrophobic residue allowed DNA binding in vitro and made the protein insensitive to SH-specific alkylating agents such as N-ethylmaleimide (23) . This reactive residue has also been used to probe conformational changes in the second repeat and it was shown that, in the presence of the Myb DNA-binding site, the conserved cysteine became protected, probably due to a conformational change in the second repeat (23) . The role of this residue was also evaluated in vivo in c-Myb and Cef1p by changing it to a serine. While this change affected Myb function in vivo (22) , no effect was detected for Cef1p (9) . To further evaluate the role of this highly conserved residue we have randomly mutated it in another yeast Myb-like protein named Bas1p.
Bas1p is a transcription factor, the binding site of which covers 8-9 bp, including the core consensus sequence 5′-TGACTC-3′, as judged by mutagenesis and by DNase I, missing base and DMS footprinting analyses (11, 24, 25) . Together with the homeodomain protein Bas2p (Pho2p), Bas1p activates expression of genes in the histidine and purine biosynthesis pathways in response to exogenous adenine (24, (26) (27) (28) . In a gcn4 background, mutations that abolish BAS1 function lead to histidine auxotrophy and therefore BAS1 function can be easily scored in vivo (26) . Furthermore, expression of the Bas1p target genes can be monitored, allowing a more quantitative estimation of Bas1p function. We took advantage of these properties to study in vivo the conserved cysteine in the Bas1p second repeat.
MATERIALS AND METHODS

Yeast strains and media
Yeast strains used in this study were L3080 (MATa gcn4-2 ura3-52 bas1-2) and Y329 (MATa leu2-3,112 ura3-52 gcn4-2 bas1-2). Yeast were grown in SD (2% w/v glucose, 0.17% w/v nitrogen base and 0.5% w/v ammonium sulphate), SD-CASA (SD supplemented with 0.2% w/v casamino acids from Difco Laboratories) or SC [SD supplemented with amino acids as described by Sherman et al. (29) ].
Oligonucleotides
The following oligonucleotides were used for BAS1 sitedirected mutagenesis: 73, 5′-TGGAGGAACAGAGGATC-AANNNGCGAAAAGGTACATTGAA-3′; 94, 5′-CCTGAT-TGGTGGAGGTGC-3′. For PCR amplification of the ADE5,7 probe used in electrophoretic mobility shift assays (EMSAs) the following oligonucleotides were used: 125, 5′-CGC-CCCGTCGGTAG-3′; 126, 5′-AGTTCAAGCCCATCGC-3′. The oligonucleotides used for radiolabelled ADE1 and ADE17 probes in northern blot experiments were: 36, 5′-CGCCCCG-GGTTAGTGAGACCATTTAGA-3′; 41, 5′-CGCAGATCTT-AATGTCAATTACGAAAGA-3′; 53, 5′-GCTGGTTGATG-GAAAATA-3′; 54, 5′-TGCATGCACAGCAGGGTG-3′. Oligonucleotides used in protease treatment, fluorescence quenching and circular dichroism (CD) experiments were 5′-AGT-GCCGACTGACTCGTGTCCTGG-3′ and 5′-CCAGGACAC-GAGTCAGTCGGCACT-3′ for the ADE5,7 specific probe and 5′-GCATTAATAACGGTTTTTTAGCGC-3′ and 5′-GCGCT-AAAAAACGCTTATAATGC-3′ for the unrelated probe (MRE from Myrset et al.; 23) .
Site-directed mutagenesis of BAS1
The plasmid used for Bas1p expression in yeast is termed P79. This centromeric plasmid carrying the URA3 and BAS1 genes was previously described (8) . All the mutants described below were constructed in the P79 vector and were verified by sequencing. All the Bas1p C153 mutants were obtained by the gap repair method (30) as follows. Yeast strain L3080 was transformed with either plasmid P79 linearised with XhoI or plasmid P838 (31) linearised with BssHII and with a PCR fragment obtained using P79 as template with oligonucleotides 73 and 94 (oligonucleotide 73 contained a randomised sequence at the cysteine codon). C153K (P931) and C153D (P932) mutant plasmids were extracted by the method of Robzyk and Kassir (32) from yeast clones unable to grow on SC medium lacking uracil and histidine, whereas C153S (P925), C153A (P926) and C153V (P928) mutant plasmids were extracted from yeast clones able to grow on the same medium. The C82A (P1014), C206V (P1152), C82AC153V (P1067) and C82AC153VC206V (P1163) mutants were obtained as described (31) . The remaining double mutants were obtained in two steps. First, the P1152 BamHI-XhoI fragment was replaced by the BamHI-XhoI fragment from pLU12 (33) to give plasmid P1154. The mutants C82AC206V and C153VC206V were then obtained by replacement of the P1154 BamHI-XhoI fragment by the BamHI-XhoI fragment from P1014 and P928, respectively. The resulting plasmids were named P1161 and P1158, respectively.
GST-HA-Bas1p fusion construction and purification
The plasmid used for the wild-type GST-HA-Bas1p fusion, termed P841, has been described previously (8) . To facilitate construction of the various GST-HA-Bas1p mutants, a derivative plasmid of P841 containing a kanamycin resistance-conferring cassette was used (P870; 8). Plasmids carrying the various mutant versions of the GST-HA-Bas1p fusion for the C82A, C153R, C153D, C153K, C153S, C153A and C153V simple mutants and the C82AC153V double mutant were obtained by replacement of the BamHI-XhoI fragment of P870 by the BamHI-XhoI fragment from P1040, P838, P932, P931, P925, P926, P928 and P1089, respectively. The GST-HA-Bas1p fusion for the C206V simple mutant and the C82AC206V and C153VC206V double mutants were obtained by replacement of the BamHI-BbuI fragment of P870 by the BamHI-BbuI fragment from P1152, P1161 and P1158, respectively. The GST-HA-Bas1p fusion for the C82AC153VC206V triple mutant was constructed as described (31) . All these GST-HA-Bas1p fusions were purified from Escherichia coli on glutathioneSepharose 4B resin as described (8) . 
Expression and DNA binding analysis of c-Myb proteins
The minimal DNA-binding domain of the chicken c-Myb protein, R2R3, and its mutant derivatives (23) were expressed in E.coli using the T7 system (34) and proteins purified as described (4) . DNA binding was monitored by EMSA as previously described (4), with the following modifications when performed at defined temperatures. After complex formation the binding reaction was loaded on a precast polyacrylamide gel (CleanGel; Amersham Pharmacia Biotech) rehydrated in 0.5× TBE buffer and placed on a flatbed electrophoresis unit (Multiphore; Amersham Pharmacia Biotech) equipped with a cooling plate connected to a thermostatic circulator (Multitemp III; Amersham Pharmacia Biotech) which provided cooling water at defined temperatures. Electrophoretic separation was performed at 200 V for 135 min before the gel was exposed for autoradiography.
Protease treatment of Bas1p
Protease treatment was performed on a Bas1p fragment [containing the first 272 amino acid residues, designated NB1B2B3C55 in Høvring et al. (25) ] using a derivative of the method used for c-Myb (23) . Briefly, purified Bas1p protein (0.25 µg) was incubated in 10 µl of TEN buffer (10 mM Tris-HCl, pH 8, 1 mM EDTA, 50 mM NaCl) with or without DNA (DNA:protein ratio 2:1 mol/mol) for 10 min at 37°C. Proteinase K (0.25-2.5 ng in 10 µl of TEN buffer) was added to the sample which was then incubated for a further 15 min at 37°C. The reaction was stopped by addition of SDS loading buffer and boiling for 2 min before loading on a 17.5% SDS-PAGE gel (35) . Proteins were revealed by a silver staining procedure (36) . In these experiments the specific DNA used was a double-stranded oligonucleotide corresponding to a sequence in the promoter of the ADE5,7 gene containing one Bas1p-binding site (37) . The unrelated DNA used was the MRE (23), which does not bind Bas1p as determined by EMSA experiments (25) .
Fluorescence spectroscopy
Fluorescence experiments were carried out as described for c-Myb (23) with purified Bas1p protein used at a concentration of 2 µM. The specific and unrelated DNAs used were the ADE5,7 and MRE double-stranded oligonucleotides described in the previous section.
Circular dichroism
CD spectra were recorded using a Jasco J-810 spectropolarimeter. Measurements were performed at 23°C, using a quartz cuvette with a path length of 0.1 cm and a protein concentration of 0.15 mg/ml in 20 mM sodium phosphate buffer. Samples were scanned twice at 50 nm/min with a response time of 1 s and band width of 1 nm over the wavelength range 193-240 nm. The data were averaged and the spectrum of a protein-free control sample with or without DNA was subtracted. Thermal denaturation curves were determined by monitoring the change in the CD value at 222 nm with a temperature slope of 1°C/min. The α-helical content of Bas1p was calculated after smoothing (means-movement, convolution width 5) from mean residual ellipticity at 222 nm ([θ] 222 ) using the formula ƒ H = [θ] 222 /[-40 000(1-2.5/n)], where ƒ H and n represent the α-helical content and the number of peptide bonds, respectively (38) .
Protein separation and detection
SDS-PAGE, western blot analyses and EMSAs were performed as previously described (8) .
Northern blots
Yeast strain Y329 was transformed with either an empty plasmid as control (B836) or a plasmid carrying a wild-type (P79) or C153A mutant (P926) BAS1 gene. Cells were grown in SD-CASA to an OD 600 of 0.5. RNA extraction, separation by electrophoresis, capillary transfer on positively charged nylon membrane, hybridisation and de-hybridisation were performed as previously described (28) . Each blot was probed with a radiolabelled fragment specific for the gene studied. The probes used were as follows. For ADE1 and ADE17 specific probes were amplified by PCR using yeast genomic DNA as template and, respectively, the following pairs of synthetic oligonucleotides: 36 and 41 for ADE1, 55 and 56 for ADE17. For ACT1 the probe corresponds to the ClaI-ClaI internal fragment of the gene. Radiolabelling of the probes was done using the random priming procedure (Ready to go DNA labelling beads; Amersham Pharmacia Biotech).
β-Galactosidase (β-Gal) activity
For β-Gal assays Y329 cells were co-transformed with a plasmid carrying the lacZ fusion and either a centromeric plasmid carrying the BAS1 gene (wild-type or C153A mutant) or a corresponding centromeric empty plasmid. Six clones of each transformation were grown overnight in SC medium and then diluted at 0.1 OD 600 in the same medium supplemented or not with 0.15 mM adenine. After 6 h at 30°C β-Gal assays were performed as described (8) .
RESULTS AND DISCUSSION
The conserved C153 residue can be changed to a hydrophobic residue without impairing Bas1p function in vivo and in vitro Random mutagenesis of residue C153 in Bas1p, using gap repair in yeast (see Materials and Methods for experimental details), allowed us to isolate six mutants of C153. These mutants carried on a yeast expression vector were tested for their ability to complement a bas1 chromosomal deletion. As mentioned above, disruption of BAS1 in a gcn4 background leads to a strict histidine requirement, most probably because the HIS4 gene is not sufficiently expressed when these two transcription factors are absent (26) . The results presented in Figure 2A show that three of the six mutations (the charged replacements C153R, C153K and C153D) totally abolished BAS1 function in vivo. The three remaining mutants (the neutral replacements C153A, C153S and C153V) fully complemented the bas1 disruption phenotype. The same six mutations were introduced in the BAS1 E.coli expression plasmid and purified mutant proteins were assayed for in vitro binding to DNA by EMSA (Fig. 2B) . While similar amounts of mutant and wild-type proteins were used in this experiment (Fig. 2C) , the three mutations that impaired complementation in vivo clearly abolished binding to DNA in vitro. Conversely, the three mutants that complemented the histidine auxotrophy bound DNA as efficiently as wild-type Bas1p. Finally, the effect of the C153A mutation on expression of Bas1p target genes was tested by northern blot on the ADE1 and ADE17 genes (Fig. 2D) and by measurement of expression of ADE1-lacZ, ADE17-lacZ and HIS4-lacZ fusions (Fig. 2E) . Both approaches showed that the Bas1p C153A protein is fully functional in vivo. These data establish that the highly conserved C153 residue can be changed to small hydrophobic residues without affecting function of the transcription factor in vivo. Although our random mutagenesis of the C153 codon was not exhaustive, it is noteworthy that in the screening process we obtained three Cys→Ala, three Cys→Ser and four Cys→Val substitutions, therefore suggesting that most of the other substitutions might not lead to a functional transcription factor in vivo. It is intriguing that this cysteine is so highly conserved throughout evolution despite our demonstration here that several substitutions of the cysteine are fully functional.
The corresponding cysteine residue in chicken c-Myb (C130) was previously shown by Gabrielsen and co-workers (23, 39, 40) to be in an unfolded region of the protein which, in the presence of DNA, undergoes a conformational change, folding into a 'recognition' helix with the cysteine moved into the hydrophobic core of the protein. Our substitution data on Bas1p C153 are consistent with a similar mechanism for Bas1p, since mutations that change C153 into a small hydrophobic residue did not affect Bas1p function (binding to DNA and activation of target genes) while replacing C153 by a charged residue totally abolished binding of Bas1p to DNA and its function in vivo. This strong structural and functional conservation between Bas1p and c-Myb was further validated by studying a specific feature of the Cys→Ser replacement in both proteins. We noticed that the C153S mutation in Bas1p led to only partial complementation of the histidine requirement at 37°C while complementation was total at 30°C (Fig. 3A) . The other two changes (C153A and C153V) were functional at both temperatures. The same mutants and the wild-type protein were assayed for DNA binding in vitro. Once again, a clear correlation was found between DNA binding and complementation, i.e. the C153S mutant could only bind DNA at low temperature while the other proteins could bind DNA at both temperatures (Fig. 3B) . Strikingly, the equivalent mutant (C130S) in c-Myb led to a very similar DNA-binding defect. The mutant was fully active at low temperature (10°C) but gradually lost DNA binding at higher temperatures (25 and 35°C; Fig. 3C) . Although the precise temperature responses of the Cys→Ser mutants were slightly different, the similar ts phenotypes of Ser replacements in the two proteins further substantiates a strong structural and functional conservation between the c-Myb and Bas1p DNA-binding domains. The stronger temperature sensitivity of the c-Myb mutant may also explain why the C65S mutant of v-Myb was without transactivation and transformation activity at 37°C (22) , while the C153S mutant of Bas1p was fully functional at 30°C.
Binding to DNA induces a conformational change in Bas1p
The results obtained in the previous section suggest that the second repeat of the DNA-binding domain in Bas1p behaves as in c-Myb, with a conformational change occurring during DNA binding. To further support this hypothesis, we first used the irreversible SH-specific alkylating agent N-ethylmaleimide (NEM) to test the effect of C153 modification on DNA-binding activity. Increasing concentrations of NEM were added to Bas1p in EMSA experiments. Wild-type Bas1p binding to the probe was abolished when 3 mM NEM was added to the protein prior to addition of the probe, while binding of the C153A (data not shown) and C153V (Fig. 4A ) mutants was totally insensitive to the alkylating agent. These results show wild-type (WT) or C153 mutants (0.5 µg each protein) were incubated for 15 min at room temperature with 100 fmol radiolabelled ADE5,7 promoter probe and were then separated by 4% non-denaturing gel electrophoresis. The gel was dried on paper and radioactivity was revealed by autoradiography. GST-HA-Bas1p/DNA complexes are indicated by the black arrow. (C) Western blot analysis of wild-type Bas1p and C153 mutants. Each purified GST-HA-Bas1p (4 µg each protein) was subjected to 12.5% SDS-PAGE and electroblotting on PVDF membrane. The blot was incubated with anti-HA antibodies (0.5 µg/ml) followed by horseradish peroxidase-conjugated IgG (1:2500) as secondary antibodies and, finally, luminescent substrate before exposure to film. The GST-HA protein (25 kDa) again that limited alterations are allowed in location of the C153 residue and suggest that, as shown for c-Myb, the irreversible modification of the C153 residue caused by NEM could interfere with the normal conformational change essential to acquire the DNA-binding structure in Bas1p. Consistent with this conformational hypothesis, addition of NEM to the preformed Bas1p-DNA complex resulted in a much greater resistance of the wild-type protein to the alkylating agent (Fig. 4A) . This DNA-induced protection of Bas1p from alkylation is most easily explained by assuming a DNA-induced conformational change where C153 becomes inaccessible to the modifying agent. We reasoned that if this is correct, Bas1p should be in a more compact conformation when bound to DNA and then could be more resistant to limited proteolysis treatment. To directly test this, Bas1p, either free or complexed to DNA, was subjected to partial proteolysis with proteinase K (Fig. 4B) . As expected, binding of Bas1p to a specific DNA probe resulted in an increased resistance of Bas1p to proteolysis. This resistance was not observed in the presence of an unrelated control DNA probe that gave a digestion pattern highly similar to that observed in the absence of DNA. These results strongly suggest that, as shown for c-Myb, Bas1p might adopt a much more structured conformation when bound to DNA. To further substantiate this hypothesis, the effect on Bas1p structure of binding to DNA was analysed by fluorescence quenching experiments. In these experiments the effect of conformational changes in Bas1p during DNA binding was monitored by measuring the accessibility of the tryptophan residues to acrylamide, a fluorescence quenching agent ( Fig. 4C and D) . The fluorescence quenching observed for native free Bas1p (Fig. 4C , closed square) was found to be significantly less than that observed for both guanidinium chloride-denatured Bas1p (Fig. 4C , open circle) or free tryptophan (Fig. 4C, open diamond) , used here as a reference for free accessibility. Addition of the ADE5,7 specific DNA led to a further decrease in fluorescence quenching of Bas1p protein (Fig. 4C, open triangle) , while addition of the same DNA had no significant effect on quenching of free tryptophan (data not shown). Finally, addition of an unrelated DNA (Fig. 4C , closed triangle) gave a quenching intermediate between those observed for free Bas1p and Bas1p complexed to the ADE5,7 probe. This intermediate behaviour could be due to non-specific binding of Bas1p to the unrelated DNA probe that would partially protect tryptophan residues against acrylamide, thus leading to an intermediate level of quenching. The same set of quenching experiments was done with Bas1p treated with NEM at 5 mM, a condition abolishing DNA binding (Fig. 4A ). Under these conditions fluorescence quenching was the same both in the presence and absence of the specific DNA probe (Fig. 4D) . Altogether, these results strongly support the idea of a DNA-induced conformational change in Bas1p. This was finally verified by CD analyses, showing that DNA binding was coupled to a structural change in Bas1p. CD spectra (Fig. 4E ) of Bas1p indicated typical α-helical characteristics similar to what has been reported for c-Myb R 123 (41) . Our finding of a 40% α-helical content in Bas1p and an increase to 45% when the protein is bound to specific DNA is also in good agreement with the results obtained for c-Myb (41) . No change in mean residual ellipticity at 222 nm was observed upon complex formation with the unrelated DNA (MRE) and the α-helix content measured in this condition was 40% (spectrum not shown). Finally, Figure 4F shows the thermal denaturation of Bas1p and Bas1p in complex with specific DNA measured by CD. It is clear from this experiment that the stability of the protein-DNA complex is higher compared to Bas1p alone. The melting temperature (T m = temperature at 50% unfolding) was 54°C for Bas1p in complex with specific DNA, compared to 46°C obtained for Bas1p alone. This increased α-helical content and enhanced thermal stability strongly supports a structural change in Bas1p occurring during DNA binding, as previously described for the c-Myb oncoprotein. Purified Myb R2R3 proteins (10 fmol both wild-type and mutants as indicated) were incubated with 10 fmol MRE probe at the indicated temperature for 10 min. The complex formed was separated by native electrophoresis using a thermostatic equipment set-up as described in Materials and Methods.
The C153 residue in the second repeat is the most accessible of the three cysteine residues in Bas1p, suggesting a conserved difference in thermal stability between the three repeats Although the three homologous tandem repeats in c-Myb have a high sequence similarity, they are not structurally equivalent. Biophysical studies have shown that the second repeat has a much lower thermal stability than the first and third repeats (42) . To determine whether this structural feature is conserved during evolution, we took advantage of the specific cysteine distribution along the Bas1p protein, having one cysteine in each repeat of the Myb-like DNA-binding domain (8) . We reasoned that the use of oxidative modification combined with systematic site-directed mutagenesis of these cysteine residues should provide information on the accessibility and structural stability of each of the repeats. First, the C82 and C206 residues, in the first and third repeats, respectively, were mutated in vitro. The resulting mutations were combined with the C153V mutation to generate all combinations of single, double and triple substitutions. These mutants were all shown to complement the bas1 disruption (Fig. 5A) , suggesting that the cysteine residues in the first and third repeats are not essential for Bas1p function, as shown for the C153 residue in the second repeat in the previous sections. The corresponding purified GST-HA-Bas1p proteins were then assayed by EMSA for their ability to bind DNA in the presence of diamide, a thiol oxidising agent that can be used to probe the function of cysteine residues. The results presented in Figure 5B show that mutations C82A and C206V, either alone or combined, resulted in a wild-type sensitivity to diamide. C153V was partially resistant to diamide up to 2 mM. Interestingly, the C153V mutation combined with C82A or C206V showed some DNA binding at high concentrations of diamide (up to 50 mM) (Fig. 5B) . Finally, the triple mutant was fully resistant to diamide, as expected if diamide treatment specifically affects cysteine residues. A western blot of the various mutant proteins (Fig. 5C) showed that similar amounts of proteins were used in this experiment. The results presented in Figure 5 were interpreted as follows: when the C153 residue is present, it confers on Bas1p wild-type sensitivity to diamide, while in the absence of C153 the two other cysteine residues confer a weak sensitivity to diamide. This reduced sensitivity to diamide treatment of the cysteine residues in the first and third repeats could be interpreted in different ways: (i) the cysteine residues are on the surface, but in an environment where bulky hydrophobic residues mask them from diamide treatment; (ii) the domains corresponding to the first and third repeats are in a more compact structure with the cysteine residues hidden in the hydrophobic core of the protein. In both cases the reduced sensitivity to diamide treatment could be explained by a reduced accessibility of the cysteine residues to the oxidative reagent. Thus a partial denaturation of Bas1p carrying only the C82 or C206 residues should lead to a sensitivity to diamide treatment equivalent to that of the wild-type protein. We therefore assayed the resistance of two double mutants carrying only C82 or C206 after preincubation with 2 mM diamide at 45°C (instead of 25°C as in previous assays) to partially denature Bas1p, as shown in Figure 4F . After oxidation the proteins were slowly brought back to room temperature and used for EMSA. The results presented in Figure 6A show that either alone (thick line) or in complex with specific DNA (ADE5,7 DNA, thin line). The protein concentration was 0.15 mg/ml in phosphate buffer and equimolar concentrations of DNA were added. The α-helical content of Bas1p alone and in complex with specific DNA was calculated as described in Materials and Methods and found to be 40 and 45%, respectively. (F) Thermal denaturation curves of Bas1p either alone (thick line) or in complex with specific DNA (thin line). The apparent fraction of folded protein, obtained by monitoring the CD value at 222 nm, is shown as a function of temperature. the two mutants were insensitive to diamide at 25°C (as previously shown in Fig. 5A ) but their binding to DNA was totally abolished after preincubation with diamide at 45°C. The same proteins preincubated at 45°C in the absence of diamide were able to bind DNA normally, thus showing that the 45°C preincubation did not alter the capacity of Bas1p to bind DNA. As expected, the wild-type protein was sensitive to 2 mM diamide at both 25 and 45°C and the triple mutant was totally resistant under both temperature conditions (Fig. 6A) . Finally, we show (Fig. 6B ) that increasing the temperature has no effect on C153 oxidation, thus ruling out the possibility that diamide would be a more efficient oxidant at 45°C. These results show that the C153 residue in the second repeat is the most accessible of the three cysteine residues in Bas1p and further confirm a location of this residue in a more exposed region than the other two cysteine residues. This strongly suggests that the lowered thermal stability and the more open conformation of the second repeat described for c-Myb could be a feature of the Myb-type DNA-binding domain important enough to have been conserved during evolution from yeast to vertebrates. Taken together, all these results demonstrate a high structural and functional homology between the DNAbinding domain of both Bas1p and c-Myb oncoprotein.
In conclusion, our study of the conserved C153 residue in the Bas1p DNA-binding domain shows that in this Myb-like transcription factor C153 is more accessible to oxidising and alkylating agents than the other two cysteines. This most probably reflects a conserved structural feature in the three tandem Myb repeats, with the second repeat being in a more open disordered conformation than the other two and undergoing a change to a more ordered conformation upon binding to DNA. Indeed, CD experiments show an increase in α-helical content from 40 to 45%, corresponding to the expected folding of one additional α-helix in B2, as previously stated for the c-Myb oncoprotein (41) . Our data establish that, despite its very strong Figure 2A. (B) In vitro sensitivity to diamide of the different cysteine mutants of Bas1p. Purified wild-type GST-HA-Bas1p or cysteine mutants were incubated for 15 min at room temperature with increasing concentrations of diamide. Samples were then incubated with radiolabelled ADE5,7 promoter probe and analysed by EMSA as in Figure 2B . (C) Western blot analysis of purified wild-type and mutant GST-HA-Bas1p. Purified wildtype GST-HA-Bas1p and mutants fusions (10 µl) were separated by 12.5% SDS-PAGE and electrotransferred to PVDF membrane. GST-HA-Bas1p proteins were revealed by western blot analysis as in Figure 2C . Lane 1, GST-HA control; lanes 2-9, wild-type Bas1p and the C82A C153V C206V, C153V C206V, C82A C206V, C82A C153V, C206V, C153V and C82A Bas1p mutants, respectively. Figure 6 . Effect of a partial denaturation on accessibility of the cysteine residues in Bas1p. (A) Effect of increased temperature on oxidation of C82 and C206 in Bas1p. Purified wild-type and mutant GST-HA-Bas1p proteins were incubated with or without 1.5 mM diamide at the indicated temperature (either 25 or 45°C) and immediately allowed to slowly return to room temperature. Samples were then incubated for 15 min with 100 fmol radiolabelled ADE5,7 promoter probe and analysed by EMSA as in Figure 2B. (B) Increased temperature has no major effect on diamide reactivity. Purified wild-type GST-HA-Bas1p was incubated with increasing concentrations of diamide at either 25 or 45°C and immediately allowed to slowly return to room temperature. Samples were then treated as in (A).
conservation during evolution, the cysteine residue in the second repeat of Myb proteins can be replaced by small hydrophobic amino acids without altering its function in vivo under laboratory conditions. This leads to the conclusion that a cysteine residue is not strictly required at this position in the sequence and raises the question of why this residue should be so highly conserved. We do not have any experimental evidence for a selective advantage due to the presence of the cysteine residue in repeat 2 of Bas1p, but sequence comparisons of Myb proteins strongly suggest that the presence of this residue conferring redox regulation is important under some physiological conditions that remain to be identified. We indeed observed redox regulation of expression of the Bas1p target genes (31) but a Bas1p mutant protein deprived of cysteine residues was unable to make transcription of these target genes resistant to oxidative stress (31) . Another puzzling observation is the conservation of this cysteine residue among the CDC5 members of the Myb family (see Fig. 1; 9 ). These CDC5 proteins are known to be involved in pre-mRNA splicing and may not be transcription factors. If this were the case the role of this cysteine residue would not be restricted to DNA binding. This residue has been changed to a serine in Cef1p without any clear effect in vivo (9) , again showing that a cysteine is not strictly required at this position.
Our results also point to very strong conservation between distant members of the Myb family, such as c-Myb and Bas1p. Although sequence homology between the two transcription factors is limited to the DNA-binding domain (11) and despite the fact that the two proteins bind to different DNA sequences, the mechanism of DNA binding appears highly conserved, involving a disorder-to-order transition in the second repeat moving the critical cysteine from an exposed to a hidden position in the protein. Our results thus validate the yeast transcription factor Bas1p as a model for the study of in vivo DNA binding of Myb-like proteins.
